To explore the relative contribution that flagella and Salmonella invasion proteins make to the virulence of Salmonella enteritidis in poultry, 20-day-old chicks were challenged orally and by subcutaneous injection with wild-type strain SE-HCD, two non-flagellated mutants (fliC: :Tn10 mutant and flhD: :Tn10 mutant) and two Salmonella invasion protein insertion mutants (sipD and iacP). When injected subcutaneously, wild-type SE-HCD was the only strain to cause substantial mortality and morbidity and to grow well in organs. The flhD mutant of SE-HCD was invasive when given orally, whereas wild-type SE-HCD and the fliC mutant were significantly attenuated. Salmonella invasion protein mutants were not invasive by either route. These results suggest that temporary suppression of Class I regulators of flagellin biosynthesis may aid oral infection in poultry. ß
Introduction
Salmonella enterica serovar enteritidis (Salmonella enteritidis) is a major cause of human food-borne illness, due in part to its ability to infect poultry and to contaminate eggs [1, 2] . Virulence characterization of invasive S. enteritidis has highlighted that £agellation is one of several distinguishing virulence markers in poultry [3, 4] . However, there is evidence against £agellation as an important virulence factor for S. enterica [5] . Signi¢cantly, the egg-contaminating serotype Salmonella pullorum/gallinarum is highly pathogenic for birds, but lacks £agella and is non-motile [6] . Some investigations report that loss of £agellation might be associated with increased production of virulence factors [7] , but surface migration by hyper£agellated swarm cells has also been associated with virulence in other Gram-negative bacteria including Salmonella [8, 9] . Although it is not clear from these studies the degree to which £agella contributes to virulence in poultry, the literature provides ample evidence for the importance of large arrays of virulence genes encoding Salmonella invasion proteins (SIPs) located in the Salmonella pathogenicity islands (SPI) [10, 11] . To further understand how virulence factors contribute to egg contamination, and especially to further address the role of £agella in birds, we compared the relative ability of £agella and SIP mutants of S. enteritidis to infect 20-day-old chicks following oral and subcutaneous challenge.
Materials and methods

Description of wild-type S. enteritidis
S. enteritidis SE-HCD (phage type 13a) is a wild-type strain that has been characterized for virulence attributes in chicks [12, 13] . It has a propensity to hyper£agellate [14] , to be parenterally adapted [15] , to produce unusual lipopolysaccharide O-chain structures [16] , and to grow to high cell density in culture [14] . It is moderately invasive when given orally as compared to some strains of S. enteritidis, but it grows to high numbers in spleens [15] . In addition to the large 37-kb Salmonella virulence plasmid, SE-HCD also has a bioluminescence reporter plasmid lacking luxI, which will produce luciferase in correlation with growth to high cell density in broth culture [13] .
Description of £agellar transposon mutants
A Salmonella typhimurium £hD: :Tn10 mutant [17] was obtained from V. Koronakis, Cambridge University, UK, and a S. typhimurium £iC : :Tn10 mutant [14] from A. O'Brien, F.E. Herbert School of Medicine. The £hD: :Tn10 and £iC: :Tn10 mutations were introduced into S. enteritidis from S. typhimurium by P22HT-int transductions using standard techniques [18] . All tetracycline resistant transductants were non-motile in soft agar and did not swarm under growth conditions that aid £ag-ellation [14] (data not shown). The location of transposons within targeted £iC and £hD genes was con¢rmed by polymerase chain reaction (PCR) ampli¢cation of wild-type and mutant chromosomal DNA using upper and lower wild-type primer pairs and a Tn10 identifying primer as listed below (Medline accession numbers and GenBank identi¢cation follows sequence) ( Fine map analysis of chromosomal DNA obtained from wild-type and its £iC and £hD mutants showed that laboratory manipulations did not introduce unexpected genomic rearrangements, because these three strains had indistinguishable patterns and remained genetically similar to other clinical and veterinary isolates from disparate sources that were phage type 13a [19] . Growth curves were conducted to assess growth rates of wild-type SE-HCD and its £iC and £hD mutants. The £hD mutant of SE-HCD grew to approximately twice the cell density as either wild-type or the £iC mutant in tryptone broth, which is an expected consequence of mutation because cells from £hD mutants are shorter than wild-type [20, 21] .
Construction of sipD and iacP mutants
To create the sipD mutant, a 1.1-kb fragment harboring the sipD gene was ampli¢ed via PCR from S. typhimurium utilizing primer sipD25 (5P-ATCTAT ACGCCAT-CATGGGTG T-3P) and primer sipD1173 (5P-TGATCT-CGGTCTGCATACCTG-3P) (GenBank accession number : U40013). Next, we TA cloned the PCR-generated fragment into pGEM-T (Promega). To create an insertional mutation, this recombinant plasmid was opened at a unique BglII site within sipD and a BamHI fragment containing a kan cassette from pUC-4K was ligated into this site. The sipD: :kan fragment was then excised from pGEM-T using SphI and SacI and subcloned into pCVD442 [22] , a positive selection suicide vector. For the iacP mutant, a three-step PCR procedure was performed. In the ¢rst two steps of PCR, a 419-bp fragment containing the 5P-end of the iacP gene was ampli¢ed with primers iacP1866 (5P-TAAAGAGTGCAGCGTTGA-3P) and iacP2285L (5P-AGCGTAAAGATCTT CAACCA-GATG-3P), and a 527-bp fragment containing the 3P-end of the iacP gene was ampli¢ed with primers iacP2285U (5P-CATCTGGTTGAAGATCTTTACGCT-3P) and iac-P2812L (5P-TAAACCC AATTTCTCACC A-3P). The resulting products were gel puri¢ed using QIAquick gel extraction (Qiagen, Valencia, CA, USA) and then used together in a third step of overlapping extension PCR using primers iacP1866 and iacP2816 to produce a 946-bp fragment that was TA cloned into pGEM-T. To create an insertional mutation, this recombinant plasmid was opened at a unique BglII site within iacP created by primers iacP2285 (site underlined) and a BamHI fragment containing a kan cassette from pUC-4K was ligated into this site. The iacP: :kan fragment was then excised from pGEM-T using SphI and SacI and subcloned into pCVD442.
These suicide plasmids were subsequently transformed into Escherichia coli SM10Vpir and mated to SE6-E21. To enrich for bacteria that had resolved the integrated plasmid, conjugants were grown in LB without antibiotics followed by plating on LB containing 5% sucrose and no salt, and incubation overnight at 30³C to select for the loss of the sacB-containing plasmid. Isolated colonies were then screened for the loss of the plasmid-encoded ampicillin resistance and the acquisition of kanamycin resistance. The chromosomal mutation was veri¢ed by PCR. Finally, the mutation was transduced by P22HT-int into SE-HCD as described [23] . Insertion of the kanamycin cassette into the targeted gene in SE-HCD was con¢rmed by detection of a PCR product that was larger than wildtype (Fig. 1) . Growth characteristics of SIP mutants were similar to those of wild-type.
Preparation of cultures for challenge of 20-day-old chicks
Challenge inocula were prepared by incubating SE-HCD and mutants for 16 h at 37³C without shaking, followed by shaking for 3 h at rpm setting of 8 on a New Brunswick Model G76, which resulted in an 1/10 OD 600 of 0.4 and lux reading of 52U10 3 lux units (Turner luminometer). These conditions indicated that cells were in the early stage of high cell density growth [13] . Dosage was determined by serial 10-fold dilutions of cells on BG agar and then incubating plates at 37³C for 16 h before counting colony-forming units (CFU). Final average dose per chick was 5.1 þ 0.4U10 6 CFU for all strains. Chicks from a speci¢c pathogen free £ock were challenged orally and subcutaneously by injection in separate experiments.
Relative virulence of strains was determined by measuring mortality and morbidity, by determining if spleens were culture positive, and by counting CFU of salmonellae in the spleens of surviving chicks 3 days post-inoculation as previously described [12] .
Statistical analyses
A 10-fold di¡erence in recovery of the average CFU per spleen from groups of 8^10 chicks has been noted before to be signi¢cant as analyzed by t-test and cluster analysis, even when standard deviations were large [12] . Cluster analysis of chick spleen counts, which is shown in Table  1 as a ranking of data, is an e¡ective method for dealing with wide standard deviations [24] . Cluster analysis is considered a more stringent method for analyzing the signi¢-cance of data sets that are composed of mixed subpopulations and non-random data distribution patterns, whereas t-test analysis is best suited for analysis of variation occurring within a single population where selection of data at random followed by ranking will produce a single bell curve [24^26] . At P values of 0.1 or less, results from t-test analysis of data for signi¢cance agree with results obtained by using cluster analysis, and thus values equal to or less than 0.1 are considered to indicate signi¢-cance. S. enteritidis is known to exist in culture as mixed subpopulations that when separated have di¡erent virulence potentials in birds [12,15,27^30] . For these reasons, both t-test and cluster analyses of spleen counts are provided in Table 1 to substantiate the signi¢cance of the di¡erences seen between strains (Table 1 ).
Results
Results from oral challenge of 20-day-old chicks
SE-HCD was moderately invasive when infection was
by the oral route (60% positive spleens), but yielded only low numbers of CFU in those spleens that were positive (average 13 CFU per spleen) ( Table 1 ). The £iC mutant was similar to wild-type (60% positive spleens, average of 25 CFU per spleen), indicating that the presence of £ag-ellin was not necessary to achieve at least a moderate level of oral invasion. In comparison, the £hD mutant yielded a higher percentage of positive spleens (89%) and CFU counts per spleen were two logs higher than what was obtained by oral infection of chicks with wild-type or the £iC mutant (2295 CFU per spleen) ( Table 1) . Mutation of sipD and iacP nearly eliminated oral invasiveness in chicks, which left too few positive spleens for further statistical analysis (Table 1 ). Cluster analysis indicated that £hD SE-HCD had substantial population heterogene- ity, which is demonstrated as placement of spleen counts for individual chicks in four of ¢ve clusters (Table 1) .
Thus, it appears that the absence of FlhD (and possibly other Class I regulatory components of the £hDC operon) rather than the absence of motility or £agellin enhanced the oral invasiveness of SE-HCD (Table 1) . While P22 transduction might have inadvertently transferred a genetic change from one serovar to the other that could have a¡ected results, we could ¢nd no evidence that this was probable. The parent S. typhimurium strains used to transfer mutation to SE-HCD are well-characterized and available chromosomal databases of S. typhimurium and S. enteritidis reveal no signi¢cant di¡erences in genetic sequence where mutations were targeted [17, 31] . Construction of £agellar mutants in a di¡erent phage type of S. enteritidis resulted in a similar result, which was that £hD S. enteritidis was more virulent than wild-type when given orally (data not shown). Overall these results strongly suggest that oral invasiveness is a stage in the infectious process in chicks that requires SIPs and that appears to be enhanced by the absence of the Class I regulator FlhD.
Results from subcutaneous challenge of 20-day-old chicks
When challenge was by the subcutaneous route, all mutants were signi¢cantly attenuated in comparison to wildtype SE-HCD, as determined by average CFU spleen counts and by observing a narrowing in the spread of data across clusters (Table 1) . SE-HCD was the only strain that produced considerable mortality and morbidity in chicks (de¢ned as illness likely leading to death within the next 24 h). In addition, SE-HCD injected subcutaneously produced the highest spleen counts in two of eight chicks (Table 1: counts greater than 10 8 CFU per spleen). All mutants had a narrower range of CFU recovered from spleens than did wild-type, which suggests that mutation in general limits subpopulation variability that aids growth in spleens (Table 1) . Mutation of SIP genes appeared to be more attenuating than mutation of £agellar genes, because a lack of SIPs resulted in the largest decrease in the number of CFU recovered from spleens following subcutaneous challenge (Table 1 ).
Discussion
Two types of £agellar mutants were made, because £ag-ellar biosynthesis is a complex process requiring a hierarchy of genes located in three di¡erent classes of operons [17, 32] and both a Class I master operon mutant and a Class III mutant would be non-£agellated and hence nonmotile. However, £uctuations in Class I regulators of £ag-ellin biosynthesis are known to greatly a¡ect cellular development and hence virulence of Salmonella and other Gram-negative pathogens [10, 20, 21 ,33^36]. The surprising ¢nding that the absence of FlhD enhanced oral invasiveness in these experiments suggests that the advantages to the pathogen associated with £agellation and motility are limited in scope in birds. In contrast, SIP proteins appear to be as essential for invasiveness in birds as they are in mammals. Thus, avian-adapted non-motile salmonellae may have evolved to optimize oral colonization at the expense of narrowing host range to birds, whereas motile salmonellae retain £agellation perhaps to aid productive infection with a wider range of hosts. There is evidence that some salmonellae strains that are serotyped as S. pullorum may actually be S. enteritidis strains that have suppressed £agellation [14, 37] . Thus, it is conceivable that human illness from S. enteritidis could have increased when an avian-adapted subpopulation with enhanced oral invasiveness emerged on-farm. However, this type of subpopulation has not yet been identi¢ed in a research setting. Further investigation is in progress to determine if £hD S. enteritidis aids the process of egg contamination in experimentally infected hens.
